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In this paper we propose a new scheme for creating a three photons GHZ state using only linear 
optics elements and single photon detectors. We furthermore generalize the scheme for producing 
any GHZ-like state of n photons. The input state of the scheme consists of a non-entangled state 
of n photons. Experimental aspects regarding the implementation of the scheme are presented. 
Finally, the role of such schemes in quantum information processing with photons is discussed. 
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In recent years considerable attention has been drawn 
to the role played by entanglement in quantum physics. 
In particular, entanglement was found to contradict local 
realism 0, Q , which lies at the heart of classical mechan- 
ics. Moreover, as the number of particles participating 
in the entangled state gets larger, this violation of lo- 
cal realism becomes even stronger 0, 0] . Entanglement 
was also found to be the key ingredient in many quan- 
tum information processing applications, such as dense 
coding teleportation || and cryptography 0- In 
this field, one of the main questions is what is the most 
suitable physical implementation of quantum information 
processing systems. Among several possibilities, photons 
and linear optics offer the advantages of slow decoher- 
ence processes and ease of creation and manipulation in 
experiments. Nevertheless, they also pose the problem of 
very inefficient multi-photons interactions. For example, 
it was proved by Calsamiglia and Lutkenhaus [a] that 
using only linear optics, it is impossible to implement a 
perfect Bell state analyzer, which also means that it is 
impossible to create an entangled state from a non entan- 
gled state using only linear optical elements. This non- 
interacting nature is problematic in the implementation 
of quantum computation, because a deterministic c-not 
gate composed of solely linear optical elements cannot ex- 
ist. One way to overcome this problem is by letting go of 
the requirement for a deterministic gate |9j. A different 
approach was suggested in Ref. [10(. In their paper, the 
authors propose a different model for quantum computa- 
tion, in which the input state is a special entangled state 
called " cluster state" , and all subsequent computational 
operations are carried out using only measurements. The 
usefulness of their new computational model to an optical 
implementation using photons as qubits depends on the 
ability to create an initial entangled state. Nevertheless, 
the benefit of this new computational model is that once 
the initial state is created we do not need to use 2-qubits 
operations, and we may exploit this advantage together 
with the idea of post-selection, as will be explained later. 



In this letter we present a new scheme to create a GHZ- 



like (Greenberger-Horne-Zeilinger) state of n photons 

W) = ^(lo > B1 |o > B2 ...|o°> B „ + 

|90% 1 |90°) B2 ...|90°) Bn ) , (1) 

using only linear optical elements and single photon de- 
tectors. For n = 3 this state enables us to violate local re- 
alism in a single measurement [3J . The first experimental 
observation of a GHZ state of 3 photons was reported in 
Ref. In this experiment, two entangled photon pairs 
were used to create a GHZ state. Due to the very small 
probability of simultaneous double pair creation in the 
non-linear crystal they used in the experiment, the count 
rates were of the order of 6 • 10 -3 counts per second. One 
of the novel ideas in the scheme presented here is that the 
input state is not entangled. This enables us to suggest 
a way to implement its creation in a much more efficient 
way, and thus the GHZ state rate of creation is signifi- 
cantly larger. Another advantage of the new scheme, as 
will be explained later in detail, is its ability to be gener- 
alized to n-photons GHZ-like state. We would also like to 
note the work of Zou et al [l2^ who proposed a scheme 
for the creation of a W-state. In their suggestion they 
also use linear optical elements, single photon detectors 
and an input state which consists of two single photons 
and one ent ang led pair. Also should be noted the work 
of Fiurasek [13J , who proposed a scheme for a probabilis- 
tic creation of the entangled state of two optical modes 
\tp) = l/V2(|iV;0) + \0;N)), where \M;K) denotes M 
photons in the first mode and K photons in the second 
mode. 

Before going into the details of the new scheme, we 
would like to go back to a well known method of creation 
of the Bell state 

\^-) = ^(\0°) A W) B -\M°) A \0°) B ) , (2) 

where |0°)^ denotes one photon wi th p olarization ori- 
ented at 0° degrees at mode A Q, Il5| . This setup of 
two photons will be an important segment in the new 
scheme. The setup is given in figure H The input state 
of the scheme is the non-entangled state |0°) A |90°) B . 
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FIG. 1: Scheme for creating \if) ) using post-selection. 
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FIG. 2: Scheme for creating a GHZ state. 

After the beam-splitter the output state is 

^output = ~(|0% + |0%)®(|90%-|90%) 
= ^(|0%|90%-|90%|0%) + 

^(|90%|0%-|90%|0%) . (3) 

When doing the experiment, half the times the two de- 
tectors fire at once, and half the times only one of them 
fires. If we restrict ourselves to the ensemble of experi- 
ments in which the two detectors fired together, we post- 
select from the state given in Eq.© the Bell state 
If one now introduces polarizers in front of the two de- 
tectors, one can carry out a Bell-inequality experiment 
which will prove the quantum nature of the state |l4j . 

We shall now turn to describe the scheme for creating 
a 3-photon GHZ state. A graphic presentation of it is 
given in figure [21 The input state is 

lV% ptlt = |0% |90% |90% . (4) 

The first optical element is a beam-splitter which mixes 
modes A and B in the same way as was described before. 



The state at plane PI is given by 

Mpi = ^((|0%|90%-|90%|0%)®|90% + 
(|0%|90%-|0%|90%)®|90%) .(5) 

Between plane PI and P2 there are two A/2 waveplates. 
WPl is placed such that it retardation axis is rotated 
at 45° relative to polarization axis 90°. Thus, the ef- 
fect of this waveplate is to transform |90°)r, — > |0°) D 
and |0% -> -190%. WP2 is placed such that its 
retardation axis is rotated at 22.5° relative to polariza- 
tion axis 90°, thus transforming the photon at mode C 
|90% -> 1/V2(|0% + |90%). The state at plane P2 
is given by 

l<% 2 = ^((I90%|90% + |0%|0%)® 

(|0% + |90%)- 

(|0% |90% + |0% |90%) ® 

(|0% + |90%)) . (6) 

The last optical element is a polarizing beam splitter, 
which we shall assume lets |0°) photons pass and reflects 
1 90°) photons. Thus, the state at plane P3 is given by 

l<% 3 = ^((|90%|90% + |0%|0%)® 

(10% + |90%) - 
(|0%|90% + |0%|90%)® 

(|0% + |90%)) . (7) 

Now let us restrict ourselves to the cases where there is 
a single photon in each of the modes D,F and G. It is 
easy to verify that the ensemble of experiments in which 
this condition is fulfilled corresponds to projection on the 
state 

m PS = ^/f d 90 % 190% 190% + |0% |0% |0%) , 

(8) 

where the subscript PS stands for Post-Selected. This 
state is the well known GHZ state. It is not normal- 
ized due to the fact the we obtain the wanted state only 
l/4th of the times we carry out the experiment. Ex- 
perimentally, the post-selected subspace corresponds to 
the case where all three detectors fire at once. The pro- 
jection to this subspace can be achieved using electronic 
coincidence logic for the three detectors. 

There are some important points to stress regarding 
the scheme just presented. First, the photons must ar- 
rive at the beam-splitter and the polarizing beam-splitter 
simultaneously in order to interfere. This implies that 
the optical paths of the photons from their point of cre- 
ation to the beam-splitters must be accurate to within 
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FIG. 3: Generalized n-photons GHZ state creation scheme. 

the coherence length of the photons. Second, if we take 
care to use detectors which are not sensitive to the po- 
larization of the photons, the knowledge that the three 
detectors fired at once does not reveal any information 
regarding the state of polarization of the photons, thus 
preserving the coherence between the two parts of GHZ 
wave-function. In that sense, the post-selected state is 
not a mixed-state, and may be used in tasks where no 
further mode-mixing is needed (e.i. GHZ measurement 
of violation of local realism) . Third, in previous schemes 
Il2^ the input state always involved some initial en- 
tanglement, i.e. entangled pairs of photons in a bell state 
\ip~). In the new scheme presented here there is no ini- 
tial entanglement in the input state. This fact simplifies 
considerably the creation of the input state, and no spe- 
cial setup for creating entangled photons pairs is needed 

mini. 

The scheme can be generalized for creating an n pho- 
tons GHZ state as defined by 



(9) 



^(|o°) B1 |o% 2 ...|o<v 

|90 o ) B1 |90% 2 ...|90°; 



Bn 



where Bl..Bn are the output modes. The generalized 
scheme is depicted in figure The input state of the 
generalized scheme consists of n-photons in the non- 
entangled state 
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The first two photons are being mixed on a beam-splitter 
to create a post-selected l^ - ) state. Waveplate WP1 is 
used to flip the polarization of the photon in mode B\, 
just as explained in the GHZ scheme. WP2-WPN are 
A/2 waveplates at 22.5°. Thus there is a probabilistic du- 
plication of the polarization state of one of the photons of 



the state to the photons at modes B3 to BN using 
the input photons of the modes A3.. .An and the polariz- 
ing beam-splitters. The probability for the two photons 
coming from Al and A2 to be in a state is 1/2. 

The probability of the success of the duplication process 
is 1/2 for each polarizing beam-splitter. Therefore, the 
success probability of this scheme is l/2 n_1 . 

The input state can be created using single photon 
sources. Nevertheless, the complete technology of these 
sources is yet to be established 0, Naively, one 

could suggest the usage of faint continuous lasers as 
source for the input state. This cannot be done because 
of the poissonian distribution of the laser. To under- 
stand why, let us take as an example two faint sources 
with poissonian distribution and equal intensity, entering 
a beam-splitter from two different directions. The prob- 
ability for detecting n photons in a given period of time 
AT in each of the modes is given by [2fj| 



p(n) 



n a -W 



(11) 



where W is a function of the intensity of the lasers, and 
the period AT. The event which interest us is when two 
distinct photons, each of which is coming from a different 
source, interfere at the beam-splitter. The probability for 
this event to happen is p(l) 2 - Nevertheless, there is an- 
other undesirable event in which two photons from one of 
the sources come at the same time to the beam-splitter, 
with probability 2 • p(2). This event may cause two de- 
tectors placed at the two output modes of the beam- 
splitter to record a fire, even though no entanglement is 
present in the state. For sources with poissonian distri- 
bution the ratio of the undesired events to the desired 
ones is e w , and is always greater than 1 (where 1 is the 
limit for sources with intensity that goes to zero). This 
means that for poissonian sources there will be always 
more "bad" events then "good" ones, therefore making 
them not useful to our purpose. Instead, in figure 0] we 
give a possible way for creating the input state for the 
3-photons GHZ scheme. A fs laser pulse with frequency 
lo p undergoes spontaneous degenerate type II paramet- 
ric down-conversion (SPDC) in two non-linear crystals. 
Thus, two pairs of orthogonally polarized photons at fre- 
quencies oj p /2 are created. The necessity of the fs laser 
pulse is due to the fact that the coherence time of the 
photons created in a SPDC process depends on the col- 
lection angle or on the interference filter width, and is of 
the order of a few hundred femto-seconds. Therefore, if 
the creation time difference between the two photon pairs 
is not within the coherence time, they will arrive at the 
beam-splitters at different times and will not interfere. 
A fs laser pulse solves this problem because it enables 
us to determine the time of creation to an accuracy of 
about 100/s. The statistical distribution of pair creation 
in SPDC is poissonian. This means that the probability 
of two pair creation in one of the crystals is larger than 



4 




FIG. 4: Input state creation for the 3-photon GHZ scheme. 

the probability of one pair creation in each of them. To 
solve this problem we use the fourth photon as a sign 
that a pair was created in the non-linear crystal B. Un- 
der the condition that the fourth photon is recorded, the 
undesired events are the creation of two pairs in crystal A 
and of a second pair in crystal B, in addition to a single 
pair that was created in crystal A (we neglect undesired 
events of higher order such as three pairs creation) . The 
ratio of undesired events to desired ones equals W , where 
W characterizes the poissonian distribution of pair cre- 
ation. This result, in contrast to pure poissonian sources, 
shows that by choosing a small enough W we obtain ne- 
glected erroneous counts. Let us give a numerical ex- 
ample. Choosing W = 1CP 2 implies a purity of 99% in 
the state creation. The probability for two pair creation 
in the two crystals is 10 -4 , therefore if we use a con- 
ventional Ti:Sapphir laser which operates at a rate of 
80 MHz we obtain approximately 8000 double photon 
pairs per second. Since only 1/4 of the times the scheme 
succeeds, we should expect around 2000 GHZ states per 
second. This rate is five orders of magnitude higher then 
the rate obtained in the experiment reported in Ref . |ll| . 
Nevertheless, the technique described here is only useful 
for small numbers of photons, because the probability for 
the simultaneous creation of N pairs is (We~ w ) N which 
is exponentially decreasing with N. For larger N it is 
necessary to use a true sin gle photon source which can 
be triggered synchronically |l8|, [l9| . 

In conclusion, in this letter we presented a new scheme 
for the probabilistic creation of a GHZ like state of n- 
photons using only elements of linear optics and single 



photons detectors. We also described the input state 
creation technique which makes use of non-linear crystals 
and a fs laser pulse. The new scheme can be useful in 
quantum information processing applications where ini- 
tial entanglement is needed. 
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